Objective: The aim of this study was to supplement the paucity of information available on logistical aspects of the application of three-dimensional (3D) mammography in breast screening. Methods: We prospectively examined the effect on radiographers' and radiologists' workload of implementing 3D mammography in screening by comparing image acquisition time and screen-reading time for two-dimensional (2D) mammography with that of combined 2D+3D mammography. Radiologists' accuracy was also calculated. Results: Average acquisition time (measured from start of first-view breast positioning to compression release at completion of last view) for seven radiographers, based on 20 screening examinations, was longer for 2D+3D (4 min 3 s; range 3 min 53 s-4 min 18 s) than 2D mammography (3 min 13 s; range 3 min 0 s-3 min 26 s; p,0.01). Average radiologists' reading time per screening examination (three radiologists reading case-mix of 100 screens: 10 cancers, 90 controls) was longer for 2D+3D (77 s; range 60-90 s) than for 2D mammography (33 s; range 25-46 s; p,0.01). 2D+3D screenreading was associated with detection of more cancers and with substantially fewer recalls than 2D mammography alone. Conclusion: Relative to standard 2D mammography, combined 2D+3D mammography prolongs image acquisition time and screen-reading time (at initial implementation), and appears to be associated with improved screening accuracy. Advances in knowledge: These findings provide relevant information to guide larger trials of integrated 3D mammography (2D+3D) and its potential implementation into screening practice. Mammography screening has been shown to be effective in reducing breast cancer mortality [1-2], and population-based screening is currently recommended and implemented in most developed healthcare systems. Still, screening has limitations in sensitivity and specificity, with many of these dependent on the masking effect, or superimposition, of dense breasts [3] [4] [5] [6] [7] .
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Mammography screening has been shown to be effective in reducing breast cancer mortality [1] [2] , and population-based screening is currently recommended and implemented in most developed healthcare systems. Still, screening has limitations in sensitivity and specificity, with many of these dependent on the masking effect, or superimposition, of dense breasts [3] [4] [5] [6] [7] .
New techniques less adversely affected by breast density and tissue superimposition might improve screening sensitivity and specificity, and potentially cost-effectiveness. Recent experience suggests that three-dimensional (3D) mammography with tomosynthesis may improve diagnostic accuracy compared with two-dimensional (2D) imaging [8] [9] [10] [11] [12] [13] [14] [15] , although available studies thus far have analysed relatively small and mostly heterogeneous series. Therefore, large prospective studies are needed to determine the role of 3D mammography in screening, such as the NHS ''TOMMY trial'' (A comparison of TOMosynthesis with digital MammographY in the UK NHS Breast Screening Programme; http://www.hta.ac.uk/2296). While initial studies of 3D mammography have looked at its accuracy, to our knowledge there are no data on logistical aspects of the application of 3D mammography that include its effect on acquisition and reading time. Because 3D mammography may require longer acquisition and/or reading time than 2D mammography, its impact on workload of radiographers and radiologists is a crucial issue for its potential implementation in screening.
The purpose of the present study is to define the magnitude of the impact on radiographers' and radiologists' workload (acquisition time and reading time) associated with implementing 3D mammography in population screening practice.
Methods and materials
We compared workload (measured for acquisition time and radiologists' reading time) associated with 2D mammography relative to combined 2D+3D mammography. Both 2D and 3D images were acquired using a Selenia Dimensions Unit (Hologic, Bedford, MA), operating at the Breast Diagnosis Department of Trento, Italy. The COMBOH procedure (Hologic, Bedford, MA) was used, which acquires both 2D and 3D images with a single breast positioning and compression. Standard bilateral two-view (craniocaudal and mediolateral oblique) mammography was used. The study was approved via the ethics approval process in the participating centre.
Comparing acquisition time of 2D with 2D+3D mammography Acquisition times of 2D and 2D+3D mammography were measured from the start of first view breast positioning to compression release at completion of last view acquisition. Overall ''door to door'' time was not considered, as it is quite variable, depending on local organisation and structural layout (e.g. double separate dressing box availability) and independent of imaging modality effect. The study involved seven mammography-dedicated radiographers, each with a minimum of 2 years' experience, who also had had a short but intensive (2-3 days) training in performing 3D mammography. Absolute (minutes, seconds) and relative (% incremental) differences in acquisition time were determined in two compared sessions (2D and 2D+3D) that included 20 women each. Women were unselected screening participants, after exclusion of those with major physical disabilities.
Comparing reading time of 2D with 2D+3D mammography 10 cancers and 90 negative controls (non-cancers) were randomly selected from the 2D+3D image archive for the study purpose. Two sets (2D and 2D+3D) of 100 cases were prepared and then divided into subsets of 25 cases. 2D and 2D+3D sets included the same screens, but cases in subsets were mixed and presented in a varied order. 2D sets were read first, and 2D+3D sets were read in a separate session, 3-7 days after 2D set reading. Subsets were displayed on a Hologic reading workstation; the hanging protocols are shown in Table 1 . Conventional image-processing tools were available to the reader (black/white inversion, magnifying lens, brightness and contrast tuning).
Each subset of 25 cases was read in a single continuous session, and reading time was computed from the display of the first case to the last case reporting. Reporting was performed using standardised predefined forms, indicating the side and site of any abnormality warranting further assessment. Absolute (minutes, seconds) and relative (% incremental) differences in reading time were determined for each of the 2D and 2D+3D sets. Three dedicated breast radiologists with, respectively, 12, 22 and 38 years' experience in mammography were involved in screen reading, after receiving a training course in 3D mammography reading; each of these radiologists had been reporting 3D mammography for a period of 2-8 months at time of participating in the study.
Although not the primary purpose of the study, we also calculated accuracy (sensitivity and specificity) for each reader, and for 2D and 2D+3D readings, as a proxy measure of ''attention'' of the readers; this is because the reading sessions were simulated on an archival set and the risk of only ''virtual'' errors might bias readers favouring less accurate (and thus faster) reading time. It also allows an approximate estimation of relative accuracy of 2D and combined 2D+3D screen reading.
Differences between 2D and 2D+3D imaging as to acquisition (average of 20 acquisitions, for each and all radiographers) and reading time (average of 100 readings, for each and all radiologists) were calculated (Student's t-test), setting statistical significance at p,0.05. Table 2 shows acquisition times recorded for the seven radiographers involved. Average acquisition time for each 2D mammographic examination was 3 min 13 s (range 3 min 0 s-3 min 26 s), whereas that of 2D+3D mammography was 4 min 3 s (range 3 min 53 s-4 min 18 s). 2D+3D mammography required an average of 49 s (range 40-60 s), representing 26% (range 19-31%) additional time to be acquired compared with 2D mammography, a statistically significant difference (p,0.01). Table 3 shows reading times for three radiologists (2D and 2D+3D), and the average screen-reading time (data are shown both per screen read and for total screens in the study test set). Average 2D mammography reading time per screening examination was 33 s (range for three radiologists 25-46 s), whereas that of 2D+3D mammography was 77 s per screening examination (range for three radiologists 60-90 s). 2D+3D mammography required 44 s more reading time per screening examination (range for three radiologists 32-54 s), representing an average +135% screen-reading time compared with 2D mammography alone, a statistically significant difference (p,0.01). The results for the total test set of 100 screens were very similar (Table 3) . Accuracy At 2D reading each of three radiologists identified 8 of 10 cancers in the set (total 24 cancers detected by all reads from three radiologists), and recalled for abnormalities 10, 16 or 7 negative controls, respectively. Using 2D+3D reading, there were 10, 10 or 9 true-positive cancers detected, respectively (total of 29 cancers detected by all reads from three radiologists), an overall incremental detection of +20.8%. Recall for an abnormality in negative controls using 2D+3D was 3, 9 or 2, respectively, with a recall rate reduction (all control readings) of 257.5%.
Results
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Discussion
We report an evaluation of the effect of introducing 3D mammography (breast tomosynthesis) on acquisition time and reading time for screening mammography, finding that both measures were prolonged with integration of 3D imaging (adding 3D to conventional mammography). The study is based on a sufficient number of screening examinations to allow a reliable estimate of differences in (radiographer) acquisition time and in radiologists' reading time of combined 2D+3D compared with 2D mammography. It is reasonable to expect that adding (rather than substituting) further image acquisition and interpretation would increase workload (based on time measures). The primary intention of the study was therefore to establish the magnitude of effect on both acquisition and reading time, especially in the relatively early phase of implementation of 3D mammography in established screening services.
It could be argued that 3D mammography training of radiographers and radiologists, prior to conducting the study, was relatively brief. There is not an issue for radiographers' training, as the only difference between 2D and 2D+3D mammography is related to 3D image acquisition and reconstruction, which does not directly involve the radiographer (and hence does not require special training); radiographers' training essentially related to switching the machine from the 2D to the COMBO modality. Radiologists' training, however, was based on a minimum review of 100 3D images, so we cannot exclude that the reading time may improve (reduce) with longer experience in 3D interpretation. However, it has been our experience that long training is not needed for expert breast radiologists dedicated to mammography reading, and the learning curve may be expected to be modest for combined 2D/3D as it is a mammography-based technology. We also examined (in a related evaluation of tomosynthesis) radiologists' reading time at 6 months further experience with 3D images and found minor changes (essentially slight reductions in average reading time for 2D+3D). Furthermore, the workstation software is simple and easy to manage: in the USA the manufacturer recommends 8 h of training before managing and reporting 3D images in practice, while in the present experience, training in managing and reporting 3D images was at least 10 times longer (based on training and several months application). Even if a learning curve in interpreting 3D reconstructed images to achieve optimal accuracy is assumed, this is likely to have less of an effect on reading time, as for 2D Table 2 . Acquisition time of 2D or combined 2D+3D mammography by seven radiographers mammography, where reading time stabilises after a relatively short period, while individual differences in accuracy persist over a longer time [16] . 2D+3D mammography was associated with a modest (though statistically significant) increase in acquisition time. The study design considered only the crude patient positioning and image acquisition time, and the observed +26% excess for 2D+3D might be further reduced with respect to overall ''door to door'' time, including time for undressing/dressing, which is variable. Overall, time to perform 2D+3D mammography would be expected to exceed that of 2D mammography, and will vary with the mammography unit used-we had a relatively short acquisition time for 3D images (4 s per view, over a 15 u angle). Acquisition time may be higher with other machines that use longer scanning time (up to 15 s per view).
When measuring radiologists' reading time we considered combined 2D+3D image reading relative to standard 2D mammography reading. We intentionally did not use 3D image reading alone because (based on current knowledge and screening practice) panoramic analysis of 2D images is essential prior to 3D image analysis. In our setting, radiologists are as yet developing expertise in 3D diagnostic pattern definition, and the superiority of 2D+3D imaging compared with 3D imaging alone has been reported [17] [18] ; hence, we maintained the standard screen reading of 2D and evaluated the addition of 3D to 2D reading. It may be, nevertheless, that 3D-only mammography has a future role, possibly using a ''synthetic'' reconstruction as a 2D imaging surrogate, but this needs to be evaluated in appropriately designed trials, and needs to be supported by enhanced knowledge and consolidation of information from 3D diagnostic patterns. Deliberation over the almost double exposure dose delivered in the COMBO procedure (though still within acceptable exposure values), while not the purpose of the present study, is nonetheless a relevant issue that might prompt exploration of the use of 3D-only imaging in breast screening in future studies.
Our findings indicate that reading time is substantially different for 2D vs 2D+3D mammography. As pointed out earlier, this is not entirely surprising, as the time measured was for combined 2D+3D mammography, and because 3D images are reviewed by scrolling through different breast planes (similar to looking at a movie).
This does not allow a panoramic view of the whole breast as with 2D mammography: 3D imaging requires separate analysis of different parts of each breast view (at least two segments), and this must be repeated for all four views. An increase in reading time for 2D+3D mammography has also been noted in other studies [19] [20] : based on the data reported in each of these studies, for Good et al [19] we estimated a +172% incremental reading time, and for Gur et al [20] we estimated +96% incremental reading time, and our data showed a relatively intermediate value (+133%) for incremental reading time for combined 2D+3D mammography. This aspect of 3D imaging is particularly unique to 3D mammography reading in screening practice, where the whole breast must be examined in search of abnormalities that may have been missed at 2D mammography. 3D mammography use for targeted analysis (for example, as a triage to further assessment where abnormalities have been identified at 2D mammography) is obviously less demanding in terms of reading time.
Based on present study findings, mammography screen reading using 2D+3D mammography more than doubled (on average) the reading time (see Table 3 ), and the magnitude of the effect was similar for participating radiologists. In a 3D mammography screening scenario, even if only used for a subgroup of subjects (e.g. with dense breast, therefore at higher risk of false-positives due to superimposition or masking), the radiologist's workload will be substantially increased with prolonged reading time. For the current population screening scenario (age 50-69 years), 2D+3D mammography screening of subjects with Breast Imaging-Reporting and Data System (BI-RADS) D3-D4 dense breast (around 25% of this population [21] ), assuming an incremental reading time of +100-200%, radiologists' reading time would be expected to increase by approximately 25-50%. Alternatively, extending 3D mammography screening to BI-RADS D2-4 subjects (around 70% of screening participants in targeted age group) will increase radiologists' reading time in the range of 70-140%. Although combined 2D+3D breast screening is not currently proposed, in the absence of high-level scientific evidence supporting its efficacy in screening, we recommend that future screening evaluations of 3D mammography consider the additional time demands in both feasibility and cost-effectiveness studies. In breast screening, computer-aided detection (CAD) may prove a useful 2D, two-dimensional; 3D, three-dimensional.
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complementary tool in the future; however, at this stage, development and application of 3D mammography CAD is still in its infancy. We have pointed out that reader accuracy was not a primary objective of this evaluation, but was integrated into the study as a measure of reader attention, and also provides an indication of relative accuracy. It is therefore worth noting (but with cautious interpretation of these data, which have not excluded a learning effect from repeat reads) that an increased sensitivity was observed using 2D+3D mammography (relative to 2D alone), and this was associated with a substantial increase in specificity (reduction in recalls), also shown in other studies [8] [9] [10] [11] [12] [13] [14] [15] . The striking reduction in the numbers recalled for assessment based on 2D+3D, in particular, should be ''tested'' in large-scale studies, as this has the potential to reduce the burden of false-positive screensan issue of considerable relevance to both screening participants and screening services.
We conclude that integrating 3D with 2D mammography in breast screening prolongs image acquisition and screen-reading times, relative to 2D mammography alone, and the effect is more marked for radiologists' reading time (at least in the implementation phase of this new technology). The prolonged reading time might reduce with further experience, and may be acceptable if associated with enhanced screening accuracy (yet to be demonstrated in large trials), particularly reduced recalls, and warrants evaluation in prospective trials of population breast screening.
